Membranes with well-defined pore structure which have thin active layers may be promising materials for efficient gas separation. Graphene oxide (GO) materials have potential applications in the field of membrane separation. Here we describe a strategy for the construction of ultra-thin and flexible HKUST-1@GO intercalated membranes, where HKUST-1 is a copperbased metal-organic framework with coordinatively unsaturated metal sites, with simultaneous and synergistic modulation of permeance and selectivity to achieve high H 2 /CO 2 separation. CuO nanosheets@GO membranes are fabricated layer-by-layer via repeated filtration cycles, then transformed to HKUST-1@GO membranes upon in situ reaction with linkers. The HKUST-1@GO membranes show enhanced performance for gas separation of H 2 /CO 2 mixture. The number of filtration cycles is optimized to obtain H 2 permeance of 5.77 × 10 −7 mol m −2 s −1 Pa −1 and H 2 /CO 2 selectivity of 73.2. Our work provides a facile strategy for the construction of membranes based on metal-organic frameworks and GO, which may be applied in the preparation of flexible membranes for gas separation applications.
T he separation of a gas mixture is a critical process in industrial production. However, it is challenging due to similar molecule sizes and physical properties of the composition 1 . Compared with conventional separation technologies such as adsorption, distillation, and condensation, membrane separation is easily operated, efficient, and environmentally friendly, which has developed rapidly in recent years 2, 3 . Material research is a core element to enable stable and scalable membranes for efficient separation 4 . Polymer membranes have been widely used in practical applications because of the easy processing and low cost. However, it has been confirmed that polymer membranes suffer the selectivity/permeability trade-off, and cannot exceed Robeson's upper bound [5] [6] [7] . Inorganic microporous membranes, such as zeolite and metal-organic frameworks (MOFs) membranes, simultaneously possess ideal selectivity and permeability because of the uniform pore size [8] [9] [10] [11] . Yet the issue of up-scaling and process difficulty has hindered their adaptation into industrial applications 12, 13 . Mixed matrix membranes (MMMs) consisting of polymers and microporous fillers are considered as a short-term solution for the deficiencies of innocent polymer and inorganic membranes [14] [15] [16] [17] .
Recently, several studies have reported membranes created from two-dimensional (2D) materials including graphene oxide (GO), zeolite nanosheets (NS), and MOF NS etc. [18] [19] [20] [21] [22] [23] [24] . The exfoliated 2D NS were used as blocks to sustain ultra-thin membrane with remarkably high permeance. Thanks to the low cost and flexibility, GO membrane is a potential candidate of the scalable material for gas separation. Gas molecules permeate the GO membrane through the GO defects and layer gaps 22 . According to the studies of Geim and co-workers, the typical empty interlayer spacing of GO laminar membrane would be expanded when the membrane was immersed in an aqueous solution or with vapor, due to the hydration of oxygen-containing groups on the GO NS 25 . To solve this problem, various nanomaterials and molecules have been intercalated into GO NS to form hybrid structures with tuned layer gaps 26 . However, these doping spices such as organic molecules, polymer chains can only adjust the interspace of GO layers, not sieve mixtures or affect the in-plane defects of GO layers 27, 28 . Significant effort should be applied to develop uniform, high-density, subnanosized pores in GO-based membrane for stable performance under realistic operating conditions 29 .
In this work, we describe a facile strategy for the construction of MMMs to achieve simultaneous and synergistic modulation of permeance and selectivity. Our strategy is illustrated by the preparation of ultra-thin GO-MOFs-based MMMs, in which GO plays a role of flexible matrix, and is sealed in the intergaps between the MOF crystals, to overcome the solvothermal synthesis and interfacial defects of polycrystalline membrane, while MOFs act as fillers with uniform microporosity to improve the gas separation performance compared with the pristine GO membrane. To achieve this target, MOF materials with nanosized thickness should be prepared and doped into the GO layers, while the 2D morphology of the membrane should also be maintained. In the previous reports, a top-down process has been adopted to fabricate MOF NS, which required a post-purification step 21, 24 . On the other hand, bottom-up synthesis of MOF NS is challenging due to the complicated crystal growth process of MOFs [30] [31] [32] . Based on the knowledge that MOFs are built by metal centers and organic ligands, several polycrystalline MOF membranes have been constructed on the metal substrate by transforming metal substrates into MOFs such as "twin copper source" 33 and "single nickel source" 34 method. The "metal source" method discussed above can be adopted to nanoscale MOF synthesis by transformation from metal oxide NS [35] [36] [37] [38] . For nanomaterials, a wide variety of studies were focused on the morphology control of metal oxide, providing many methods to prepare metal oxide NS [39] [40] [41] [42] [43] [44] .
In this MMM, GO serves as the matrix material to form the main part of the membrane, while HKUST-1 with strong CO 2 affinity acts as a microporous filler. Owing to the 2D morphology of these building blocks, the obtained HKUST-1@GO MMMs possess considerable flexibility as shown in Fig. 1 . This flexibility may help to create membranes on the support of hollow fibers, which are efficient modules for gas separation 16 . Permeance tests for single and mixture gases are carried out on the HKUST-1@GO MMMs, demonstrating high permeance and selectivity. As all the MOFs contain metal centers, this strategy may be widely extended to other MOF structures with varied functional groups and pore sizes, providing suitable MMMs for different separation applications.
Results
Preparation of the HKUST-1@GO membranes. CuO NS were first fused into GO via a layer-by-layer method, creating an MMM based on CuO NS and GO, referred as CuO NS@GO (Fig. 1) . In the next step, HKUST-1@GO membranes were obtained through an in situ transformation of CuO NS@GO in 1,3,5-benzenetricarboxylic acid (BTC) ligand solution. CuO NS was synthesized by a facial precipitation process 39 . The morphology and structure characterization for CuO NS are presented in Fig. 2 and Supplementary Figure 1 . We can learn from the atomic force microscopy (AFM) and transmission electron microscope (TEM) images that the piece diameter was in the range of 0.2-5 μm, while the thickness is around 4 nm (Fig. 2c) . More AFM, scanning electron microscope (SEM), and TEM images of CuO NS can be found in Supplementary Figure 1 . The TEM and electron diffraction patterns in Fig. 2d indicated the pure phase of CuO NS, which was also proved by the powdered X-ray diffraction (PXRD) pattern shown in Fig. 2 . To introduce CuO NS into GO membranes, a simple layer-by-layer (LBL) process was carried out for the membrane preparation. Filtration of CuO NS and GO solution constituted the two steps in one cycle and formed CuO NS@GO MMMs with different layers (HKUST-1@GO-x, where x indicates the number of cycles). As seen in the SEM, EDS mapping, and TEM results shown in Fig. 3 , the CuO NS were evenly distributed in the MMMs. More topview SEM images in Supplementary Figure 2 suggested the flat surface of MMMs with varied layers. For the structure information of CuO NS@MMMs, the corresponding intensity peaks for the membranes were recorded in the PXRD patterns (Fig. 3a) . Beside the peaks of substrates, no obvious peaks attributable to CuO were found owing to the small amount of CuO in the The product is a flexible MMM for gas separation system 45 . The obtained membrane was scraped from the substrates and dispersed in ethanol for AFM characterization. As shown in Fig. 3f , the 2D morphology was maintained after mixing with GO layers, which should be a key factor for the success of ultra-thin membrane fabrication. For comparison, two more routes were applied. (1) GO, CuO NS, and BTC were dispersed in divided solution, and filtered to the nylon support alternately (HKUST-1@GO-t). However, the size of the obtained HKUST-1 crystals was too large to affect the 2D structure of the membrane. (2) As-synthesized CuO NS was mixed with exfoliated GO solution and filtered into membranes, referred to as membrane of direct mixing (HKUST-1@GO-d). Unfortunately, the mixture formed a flocculent precipitate due to the electrostatic attraction between GO and CuO NS, resulting in uneven GO and agglomeration. This phenomenon caused transformed uneven membrane, and affected the gas separation performance.
In the next step, the CuO NS embedded in MMMs were transformed to HKUST-1 via the BTC solution passing through the MMMs during the filtration process. The conversion process of powder samples can occur completely within 1 h at room temperature. For the case of CuO NS @GO membrane, the in situ reaction step induced by vacuum filtration lasted overnight due to the narrow interspacing of GO layers. The color of the membrane was changed from beige to light green after the transformation. Because of the nanodomain effect, the nanosizes were maintained during the in situ transformation process, which was proved by the SEM, EDS mapping, TEM, and AFM images in Fig The cross-section SEM images are illustrated in Supplementary  Figure 6 and 7; the thickness of both CuO NS@GO and HKUST-1@GO-x MMMs with 2-5 layers presented an ultra-thin membrane of around 100-300 nm thickness, which was lower than that of HKUST-1@GO-t and HKUST-1@GO-d membranes. There is no obvious change in the thickness of CuO NS@GO and HKUST-1@GO-x MMMs, which proves that the layer-bylayer combined with in situ transformation strategy was effective for the preparation of ultra-thin MOFs@GO MMMs. The EDS mapping images of cross-sections, illustrated in Supplementary  Figure 8 , further revealed the uniform distribution of CuO and HKUST-1 in the MMMs. X-ray photoelectron spectroscopy (XPS) tests were carried out (Supplementary Figure 9) ; in the spectrum of HKUST-1 powder, the Cu 2p 3/2 and Cu 2p 1/2 peaks are located at 935.0 and 954.9 eV, respectively 47, 48 . As can be seen in the high-resolution spectrum of C 1s ( Supplementary  Figure 9c) , the C1s peaks of HKUST-1 @GO MMMs were deconvoluted into -C-OH (286.5 eV), -COOH (288.4 eV), and -C=C−/−C-C-(284.8 eV). Compared with pristine HKUST-1 powder, the HKUST-1 @GO MMMs had one more peak: -C-OH (286.5 eV) which came from GO. This phenomenon indicates successful combination of HKUST-1 and GO. The O 1s XPS spectrum of HKUST-1 in Supplementary Figure 9d shows a major peak at a binding energy of ∼532.2 eV which confirms the presence of carboxyl groups 48, 49 . After HKUST-1 was integrated with GO, the binding energy of Cu 2p 3/2 and Cu 2p 1/2 peak in HKUST-1@GO negatively decreased by 1.8 and 1.9 eV, respectively, in comparison with those in the spectrum of pure HKUST-1 powder (Supplementary Table 1) . Shifts in the C 1s, N 1s binding energies were also observed in the spectra of the HKUST-1@GO MMMs. These results provide evidence of an interaction between the HKUST-1 and GO species formed during the in situ conversion, which helped reduce the gap between two species to avoid the loss of selectivity 50 . In addition, from the Supplementary Figure 9d , the O-Cu peak (530. eV) disappeared and the -COOH peak (532.1 eV) grew up after CuO NS@GO transformed into HKUST-1 NS@GO. This phenomenon further indicates successful transformation to HKUST-1. TGA analysis was carried out on the HKUST-1@GO MMMs, and the results are shown in Supplementary Figure 10 . Similar remaining weights were observed, which suggested the similar ratio of HKUST-1/ GO in MMMs with different layers. The specific ratio was calculated based on TGA and precursors listed in Supplementary Table 2 , and HKUST-1 ratio was obtained around 36.4 wt%. ICP tests were also performed on the HKUST-1@GO MMMs to further confirm the HKUST-1 loading amounts; the mean ratio was 39.8 wt%. The results were collected in Supplementary  Table 3 , which were similar to the ratios calculated from TGA results. All the characterizations above proved that HKUST-1@GO MMMs with varied thickness were successfully prepared based on the precursor of CuO NS@GO.
Gas separation properties of the HKUST-1@GO membranes. Porous environments of obtained materials were evaluated by physical gas adsorption. Brunauer-Emmett-Teller (BET) surface areas of GO, CuO NS@GO, and HKUST-1@GO MMMs were calculated on the N 2 adsorption isomers at 77 K (Fig. 5a) . Compared with pristine GO, the BET surface area of HKUST-1@GO MMMs increased significantly. The enhanced free volume of membrane benefits the diffusion of gas molecules. H 2 and CO 2 adsorption curves at 273 and 298 K for GO, CuO NS@GO, and HKUST-1@GO MMMs are shown in Fig. 5b and Supplementary  Figure 11 . After the doping of HKUST-1, heat of adsorption for CO 2 is improved due to the affinity between the metal sites of HKUST-1 and CO 2 . These properties would enhance the selectivity of MMMs as CO 2 can be attached and hindered by the involved HKUST-1.
Encouraged by the flexibility, ultra-thin membrane thickness, and gas selective adsorption, gas separation tests were applied to pure GO, CuO NS@GO, and HKUST-1@GO MMMs. Single gas permeance on GO and HKUST-1@GO MMMs was evaluated, and the results are shown in Supplementary Figure 12 . Contrasting to GO membrane, the HKUST-1@GO MMMs exhibit remarkable increase in gas permeation selectivity, and hold at an acceptable H 2 permeance. The enhanced H 2 /CO 2 ideal separation factor is caused by the selective adsorption of CO 2 contributed by HKUST-1. Furthermore, separation tests of mixture gases were carried out on the membranes using the Wicke-Kallenbach technique with an on-line gas chromatography at 25°C (Fig. 6, Supplementary  Figure 13 , Supplementary Figure 14 and Supplementary Table 4) . Compared with pure GO membrane and CuO NS@GO MMMs, the transformed membrane possesses significantly improved performance, which proved that the doping porous filler of HKUST-1 is beneficial for gas separation. The selectivity was enhanced by 6-fold to 73.2, while permeance achieves 5.77 × 10 −7 mol m −2 s −1 Pa −1 . The MMMs prepared by different strategies show different gas permeation properties due to the structure and morphology (Supplementary Figure 13) . Because of the uneven distribution and bulk crystals, the HKUST-1@GO MMM-t and HKUST-1@GO MMM-d, contrasted with HKUST-1@GO-4 MMMs, show larger layer gaps between GO ( Supplementary  Figure 7) , which lead to low selectivity and higher permeance. The effect of the cycle numbers on the membrane properties was evaluated as well. The HKUST-1@GO membranes with different thickness were fabricated via varied filtration cycles, and three membranes were prepared for each thickness to take the mixed gases separation tests. As shown in Fig. 6b , the membrane with more layers exhibits higher selectivity due to fewer defects in the thicker membranes, while the thicker membranes result in lower permeance. The HKUST-1@GO MMM-4 MMMs have both high permeance (5.77 × 10 −7 mol m −2 s −1 Pa −1 ) and selectivity (H 2 / CO 2 = 73.2). A downgraded separation performance was detected for the HKUST-1@GO-5, which may be caused by the larger crystals grown in the MMMs (Fig. 4a and Supplementary  Figure 3) . To examine the stability of separation performance, the HKUST-1@GO-4 MMMs were continuously evaluated for the separation of equimolar H 2 /CO 2 mixture up to 120 h without noticeable performance loss (Fig. 6c) , indicating its excellent stability for long-term continuous operations. Mixture gases separation tests were also carried out on the MMMs at higher temperature of 100°C (Supplementary Figure 14) . Increased permeance and slightly decreased selectivity are obtained due to the enhanced molecular motility, proving the thermal stability of membranes. We have evaluated the gas separation performance of the HKUST-1@GO-4 membrane after bending and recovery as well, the permeance and selectivity are 6.19 × 10 −7 mol m −2 s −1 Pa −1 and 53.5, respectively. The membrane after bending and recovery possesses a similar permeance and only a slight decline in selectivity is noted compared with the original membrane, which proves the flexibility of the composite membrane. Due to the higher critical temperature and larger dynamic diameter of CO 2 compared with H 2 , the H 2 /CO 2 mixtures are a challenge to separation on polymer membrane as described in the revised Robeson upper bound relationship. As shown in the Fig. 6d , the performance of GO-based membranes in this work has surpassed the trade-off line of polymeric membranes. Compared with high-quality polycrystalline and other 2D membranes in the reference, the intercalated membrane shows both desired permeance and selectivity. A significant improvement in selectivity is achieved for HKUST-1@GO membrane by involving the microporous MOF fillers.
Discussion
Flexible CuO NS@GO MMMs were prepared by a layer-by-layer method, and transformed to HKUST-1@GO MMMs by reacting with BTC linker in situ. This strategy helps to uniformly disperse MOF in the GO matrix to maintain 2D morphology. The membrane shows significantly enhanced performance for gas separation of H 2 /CO 2 mixtures. In addition, the layer cycles on the HKUST-1@GO-4 MMMs were optimized to obtain both high permeance (5.77 × 10 −7 mol m −2 s −1 Pa −1 ) and selectivity (H 2 / CO 2 = 73.2) on HKUST-1@GO-4 MMMs. The flexibility and easy fabrication process help these membranes overcome the interfacial defects common in polycrystalline membranes. This approach can prepare larger-scale membranes with greater ease than traditional hydrothermal/solvothermal methods. Our membrane at present is more effective for a relatively small-scale dry 50:50 H 2 :CO 2 feed at low pressures near atmospheric pressure. It is still challenging to prepare stable and easy processing membranes with high performance for high pressure and elevated temperature application. Thanks to the various metal centers in the MOF materials, this facile approach may be widely extended to introduce other MOFs with tailored structures into this novel type of flexible membrane for enhanced gas separation.
Methods
Materials. All the chemicals were used as received. GO powder was purchased from XF NANO, China.
Preparation of CuO NS@GO MMMs via LBL process. In a typical process, a certain volume of 2.0 mmol L −1 Cu(NO 3 ) 2 aqueous solution was mixed with an equal volume of 1.6 mmol L −1 2-aminoethanol aqueous solution with stirring for 1 min. Then the mixed solution was aged for 24 h at a constant temperature of 25°C. As a result, CuO NS dispersion solution was obtained, which was diluted to 1/3 concentration with DI water, giving solution A. The GO solution with the concentration of 2 mg L −1 was used as solution B. CuO NS@GO MMMs were prepared via a layer-by-layer filtration process on the support of nylon filter with 5.0 mL solution A/B alternately. The thickness of MMMs was controlled through varying filtration cycles, giving CuO NS@GO-x (x is the number of cycles); 25.0 mL solution B was filtered to give pure GO membrane as a comparison.
Preparation of HKUST-1@GO MMMs. HKUST-1@GO MMMs were achieved by in situ conversion in the filtration process of 25.0 mL BTC solution (solution C 1.0 mmol L −1 in H 2 O/ethanol solution) using CuO NS@GO MMMs. The color of the membrane switched from brown to green in the filtration process, giving the HKUST-1@GO-x MMMs.
Preparation of HKUST-1@GO-t MMMs. Three-step layer-by-layer process was carried out by filtration of 5.0 mL solutions A/B/C sequentially in each cycle. And the juxtaposed membrane was obtained after four filtration cycles.
Preparation of HKUST-1@GO-d MMMs. MMMs were prepared by filtration of the mixture of solution A and B on the nylon supports, and then reacting with solution C to obtain HKUST-1@GO-d MMMs.
Characterization. The crystalline structure information of the CuO NS@GO and HKUST-1@GO membranes was collected on Dmax-rA PXRD. The microscopic features of these materials were characterized by a SEM (HITACHI S4800) and TEM (JEM-2100). The optical photos of the as-prepared membranes were taken by an iPhone 6 at normal camera mode. In order to obtain AFM images, samples were dripped and dried on the Si wafer and imaged on a commercial Multi Mode Scanning Probe Microscope with a NanoScope IVa controller (Digital Instruments, Santa Barbara, CA) in contact mode. After second-order flattening, all height images were directly analyzed using NanoScope Analysis software (version 1.40, Bruker) to obtain section profiles along the fibril axis. FTIR spectrums of membranes were collected by a Version-B Fourier transform spectrometer, PE. XPS experiments were performed with a Kratos AXIS Ultra DLD surface analysis instrument using a monochromatic Al Kαradiation (1486.71 eV) at 15 kV as the excitation source. BET surface area of the samples was calculated from the N 2 adsorption-desorption isothermal curve at 77 K, which was collected on Micro ASAP2020. Gas adsorption-desorption measurements of H 2 (99.995%), CO 2 (99.995%), CH 4 (99.95%), and N 2 (99.995%) on powder samples were carried out on Micro ASAP2020 at 273 and 298 K, after the samples were degassed at 423 K under vacuum overnight. For the experimental setup of gas-separation measurement, the membrane was set in a stainless steel cell at different temperatures and standard atmospheric pressure. One side of the membrane was swept by argon while the other side was exposed to single gases or gas mixtures (Supplementary Figure 15) . A soap-film flow meter was used to confirm the rate of argon and feed gases before test. The membrane would be fixed by two O-rings in the cell. To prevent damage to the membrane surface caused by the contact of O-rings, the edge of the membrane was covered by foil-tape, leaving a 10-mm-diameter circular membrane surface. The mixed feed flow rates were constant with a total volumetric flow rate of 100 mL min −1 (with 50 mL min −1 of each gas, 1:1 mixture), regulated by mass flow controllers (MFCs). Argon was used as a sweep gas to minimize the influence of back diffusion of the sweeping gas to the feed side. The sweep gas flow rate was 80 mL min −1 to eliminate concentration polarization in the permeate side. The calibration curves were made by fitting of more than eight points each. The value of each point was based on more than 20 GC (SHIMADZU GC-2014C) parallel tests. The permeate flow rates of test gases were calculated from the correponding GC results and calibration curves. The permeability that is termed the permeance (P i (mol m −2 s −1 Pa −1 )) of MOFs membrane was calculated with the following Eq. 1:
where N i (mol s −1 ) is the permeate flow rate of component i, Δp i (Pa) is the transmembrane pressure drop of i, and A (m 2 ) is the membrane area. The membrane permselectivity was evaluated by separation factor (α i,j ), which was obtained according to Eq. 2:
where i, j represent the two components in the mixture and X, Y are the mole fractions in the permeate and feed solution, respectively.
Data availability. The data that support the findings of this study are available from the corresponding author upon reasonable request.
